Following hatching, pre-elongated conceptuses undergo elongation by intense proliferation, until implantation. We investigated the changes in gene expression associated with these physiological events using human cDNA arrays containing 2370 known genes. Comparison of pre-elongated, elongated, and implanting trophoblasts allowed the determination of 313 expressed genes, 63 of which were differentially regulated. These were classified into four functional families. Pre-elongated trophoblasts were characterized by preferential expression of genes involved in protein trafficking, whereas only latter developmental stages expressed cell signaling genes and receptors. Among the 63 developmentally regulated genes, four exhibited the highest levels of expression (TMSB10, CTNNA1, NMP1, and CX3CL1). Each of these also represents a functional family and display a specific expression pattern. One of them, CX3CL1 (CX3C chemokine, also known as fractalkine), is a chemokine that seems to have potential importance in trophoblast development, and which deserves further clarification of its role in implantation.
INTRODUCTION
The trophoblast acts as an interface between the embryo and the uterus, and supports successful development of the embryo. In the sheep, elongation of the trophoblast occurs by Day 11 and gives rise to a filamentous structure, which is more than 10 cm long at Day 14. Elongation ends when the embryo is immobilized in the uterine lumen at Day 14, and implantation starts at Day 15 [1] . Structural and morphological modifications of the trophoblast are controlled by uncharacterized changes in the expression of its genetic program [2] .
Successful pregnancy and conceptus development results from embryo-maternal cross-talk [1] . Elongation of the trophoblast is under control of maternal environment, as it occurs neither in vitro [3] nor in ewes deprived of endometrial glands [4] . During this period, the trophoblast secretes interferon-tau (IFN), which is the ruminant-specific maternal recognition of pregnancy factor. IFN mediates the modification of the maternal endocrinology that allows for corpus luteum maintenance, and thus continuation of conceptus development [5] . Another less studied function of the trophoblast is its ability to sustain the survival of the embryo before the placenta forms. During the time the conceptus develops in the uterus, the trophoblast displays a high capacity to absorb extracellular material [1, 6] , and trophoblast elongation corresponds to a state of intense cellular multiplication. Growth factors and prostaglandins have been associated with proliferation [7] [8] [9] . Transforming growth factor-␤1 and -␤2 increase dramatically in the sheep conceptus during this moment [10] , and bovine embryos express large amounts of insulin growth factor (IGF) II and the mRNAs for IGF receptors I and II after hatching [11] . Implanting ovine conceptuses at Day 14 produce prostaglandins F2␣, E2, and prostacyclin [12] . They are produced by the cyclooxygenase (COX) enzymatic pathway. The COX-2 isoform displays a transient and regulated expression in the sheep trophoblast [12] .
In ruminant species, implantation is limited to the uterine luminal epithelium which fuses with the trophoblast to form syncitia. Implantation corresponds to the end of the elongation state and an evolution toward a functional and structural differentiation of cells. A balance between secretion of matrix metalloproteases (MMPs) that can degrade components of the extracellular matrix, and tissue inhibitors of MMPs (TIMPs) is necessary for successful implantation. Ovine trophoblasts specifically express MMP-2 and MMP-9, whereas the endometrium expresses TIMPs [2] . By this time, IFN expression diminishes to become extinguished after implantation and new molecules, placental lactogens, and pregnancy-specific proteins, are released from the trophoblast to the maternal tissues [1, 5] .
As suggested by the modification in gene expression for these candidates genes, the transcript content of the trophoblast is differentially regulated during elongation and implantation. New transcriptomic methods allow for simultaneous detection of thousands of transcripts from a tissue and could unravel the gene expression supporting conceptus early development. So far, large-scale gene expression analysis of the implantation period has been performed mainly on the uterine compartment in humans [13] , mice [14] , and cattle [15] . In their studies of the embryo, Tanaka et al. [16] and Kelly and Rizzino [17] focused on loss of pluripotentiality and differentiation of cell lineages in mice by studying whole embryos and cell cultures, whereas Aronow et al. [18] studied trophoblast differentiation in third-trimester human placentas.
One of the major concerns in the study of ruminants is the lack of commercially available cDNA arrays for gene expression profiling. However, bovine oocytes [19] and luteal tissues [20] have been studied using a human array by Clontech or a rat array by Amersham, respectively. These heterologous cDNA array analyses allowed the detection of differentially expressed genes. The purpose of the study was to compare the gene expression profile of ovine preelongated, elongated, and implanting trophoblast using human cDNA arrays, and we confirm here the interest of this heterologous gene screening in ruminants.
MATERIAL AND METHODS

Sample Collection and RNA Preparation
All procedures related to the care and use of animals were approved by the French Ministry of Agriculture according to French regulations (Instruction 19.04.1988) for animal experimentation.
Ewes of the Préalpes-du-Sud breed were used. Estrus was synchronized using intravaginal sponges containing 60 mg 6␣-methyl-17␣-acetoxyprogesterone (Intervet, Angers, France) for 14 days. On the day of sponge withdrawal, the ewes received one injection of 400 IU of PMSG (Intervet). Estrus was observed 48 hr later (D0), and the ewes were mated twice. On Days 12, 14, and 15 of pregnancy, the ewes were slaughtered. The uterus was removed and the embryos were flushed with PBS at 37ЊC. Conceptuses were carefully examined under binoculars and their age was confirmed by size determination. Pre-elongated, elongated, and implanting conceptuses are referred to as D12, D14, and D15, respectively. Embryonic masses were excised and the trophoblasts were immediately frozen in liquid nitrogen and stored at Ϫ80ЊC until further analysis. Total RNA was extracted by a phenol-based method derived from data presented by Chomczynski and Sacchi [21] and quantified by spectrophotometry. RNA integrity was verified by nondenaturing agarose electrophoresis.
Macroarray Hybridization
Three replicate experiments were performed for each developmental stage using pools of 3 to 23 conceptuses. Total RNA was treated with RNase-free DNase I (Promega France, Charbonnière les bains, France) and purified. Seven to 25 g of D12, D14, and D15 RNA were subjected to poly Aϩ purification with streptavidin-coated magnetic beads and biotinylated oligo(dT). Radioactive cDNA probes (3 to 8 ϫ 10 6 cpm) were produced (Atlas Pure Total RNA Labeling System; Clontech, Ozyme, Montigny, France) from RNA by reverse transcription (RT) in the presence of specific primers and ␣-33 P-dATP (Amersham Bioscience, Orsay, France). Specific priming was preferred over oligo(dT) and random priming to limit the background and aspecific hybridization to the spots. This priming, however, restricted the analysis to only those genes that were highly conserved between humans and sheep. Clontech Atlas cDNA Human 1.2 (7850-1; Clontech) and 1.2.II (7852-1; Clontech) expression arrays were used. Array membranes were hybridized overnight with labeled probes at 68ЊC and then washed with 0.1ϫ SSC and 0.5% SDS. The membranes were exposed for 14 days to a phosphor imaging screen. Arrays were visualized after scanning with a phosphorImager (FLA 3000; Fujifilm, Courbevoie, France) and the signals were quantified with Advanced Image Data Analyzer software (Raytest, Courbevoie, France).
Macroarray Data Analysis
The background-subtracted intensity was measured for all the spots (referred as gene intensity). The gene intensity was then compared with the local background. Data were expressed as percents of the sum of all gene intensity and arbitrarily multiplied by 10 000 (referred as normalized gene intensity). Genes were selected for the final analysis when at least ⅔ of the replicates exhibited a gene intensity higher than their corresponding local background. These genes are designed as expressed.
Expressed genes whose expression varied significantly between the three developmental stages (one-way analysis of variance [ANOVA], P Ͻ 0.05) were sorted and normalized (log-transformed, centered relative to the median and gene-to-gene normalized). These genes were termed differentially expressed. Genes and arrays were classified according to similarity in pattern using complete-linkage hierarchical clustering of an uncentered Pearson correlation similarity matrix (Cluster software) and visualized with TreeView software [22] (available at http://rana.lbl.gov/ EisenSoftware.htm). Control spots for genomic or exogenous contamination raised negative signals in all hybridization experiments. Hybridization produced signals of variable intensities, ranging from limit of detection to limit of saturation.
Synthesis of Ovine cDNA for CX3CL1, NPM1, CTNNA1, TMSB10, and IGFBP1
Reverse transcription was performed on 1 g of total RNA at 37ЊC with oligo(dT) primer and MMLV reverse transcriptase (Invitrogen, Cergy Pontoise, France). Reaction mixtures for polymerase chain reaction (PCR), including Taq polymerase (QBioGen, Illkirch, France) were prepared as suggested by the manufacturer. PCR details are shown in Table 1 . The identity of all PCR products was confirmed by DNA sequencing (Genome Express, Montreuil, France) and sequence homology analysis using the Basic Local Alignment Search Tool [23] . These fragments were used to design real-time PCR primers, quantified templates for the real-time PCR standard curves, and to generate the radio-labeled probe for CX3CL1.
Quantification of the Selected Transcripts
Four independent trophoblast samples were analyzed in duplicate for each developmental stage.
Real-time PCR was performed as follows. The reaction mixture included 5% of the RT products, SYBR green Master Mix (Applied Biosystem, Les Ulis, France) and 0.3 M of gene-specific oligonucleotide primer, as suggested by the manufacturer. Primers were designed using Primer Express software (Applied Biosystem): 1) NPM1, forward GTGAG AACTTTCCCTACCGTGTCT, reverse GGCAATGGAACGTGGACAA C; 2) TMSB10, forward TGAGATTTTCCGCGAACCTG, reverse GGTC TCCAAGATGATGCGGT; 3) CTNNA1, forward CGCAAAGCTGTCAT GGACC, reverse CATTTCCATTCTTCGCAGCC; and as stated in Table  1 for IGFBP1 and ACTB. Standard curves were generated in parallel using serial dilutions of the purified PCR product as a polymerase template. The reactions were run on an ABI Prism 7000HT (Applied Biosystem). The presence of a specific and unique PCR product was verified by an ABI Prism-generated melting curve profile. Relative quantification of initial amounts of target was extrapolated from the respective standard curve.
CX3CL1 is known for alternative splicing [24] and the use of several pairs of primers did not allow for amplification of a single fragment. Semiquantitative PCR and visualization on agarose gel allowed for densitometric quantification of the band of interest. To demonstrate the linearity of amplification and to allow for semiquantitative comparisons, 27, 30, [22] . Background subtracted values were log-transformed, centered relative to the median, and gene-to-gene normalized. Clustering was applied on the developmental stage axis (deliberately ignoring the age of the trophoblasts). Notice the closest position of D12 and D15 stages relative to the D14 stage. a-c) The three replicates. D12, pre-elongated trophoblast; D14, elongated trophoblast; D15, implanting trophoblast. and 33 cycles were performed. PCR products were electrophoresed on 2% agarose, transferred onto a Hybond Nϩ nylon filter (Amersham Biosciences) and hybridized overnight in Church medium with a specific ␣ 32 PdCTP labeled probe. After washing (0.1ϫ SSC and 0.1% SDS), the filter was scanned with an FLA3000 (Fujifilm) phosphorImager. Signals were quantified using AIDA software (Raytest).
Normalization of Selected Transcript Expression
No significant difference of expression for ACTB (␤-actin) was detected (ANOVA, P Ͻ 0.05) between D12, D14, and D15 trophoblasts using either arrays, or semiquantitative or real-time PCR. For each sample investigated by PCR, the target gene expression values were therefore normalized to the corresponding value for ACTB.
In Situ Hybridization
The IGFBP1 PCR product was cloned into pCR4TOPO vector (TOPO TA Cloning Kit; Invitrogen) according to the manufacturer's instructions. The plasmid vector includes T3 and T7 RNA polymerase promoters. The construction was sequence-verified and the insertion direction was determined. The digoxigenin (DIG)-labeled uridine triphosphate cRNA probes were generated from PCR templates by in vitro transcription using T7 polymerase for antisense and T3 polymerase for sense according to the manufacturer's protocols (Promega, France).
The in situ hybridization procedure was performed as described elsewhere [25] . Ten-micrometer-thick frozen sections from tissues fixed with 4% paraformaldehyde were delipidized with chloroform and rehydrated. Pretreatment and hybridization of slides with antisense and sense probes (100 l of 200 ng/ml) were performed via standard in situ hybridization procedures. Hybrids formed in situ were revealed using a DIG-RNA detection kit (Promega, France) with a sheep anti-DIG-alkaline phosphataseconjugated antibody and the substrates NBT/BCIP. Three sections at least of each specimen were used. Photomicroscopy was performed using an Olympus-DP50 microscope, digital camera system and software (Olympus SA, Rungis, France).
RESULTS
Array Analysis
The array experiment was conducted independently on three samples of each developmental stage (i.e., pre-elongated, elongated, and implanting trophoblasts). No difference in normalized gene intensity distribution between the three developmental stages was observed. Reproducibility was examined for the replicate experiments. Figure 1 shows the intensity of each data point for one D14 experiment plotted against another D14 replicate. High-intensity signals were more reproducible than signals of weak intensity.
Expression Profiling
Of the 2370 genes on the arrays, 313 were expressed above background for at least one of the three developmental stages according to our gene selection scheme. An ANOVA test (P Ͻ 0.05) was performed to determine genes whose expression varied significantly during development. Sixty-three out of 313 (20%) were differentially expressed; the remaining (250 genes) exhibited the same level of expression at D12, D14, and D15. Therefore, only a small portion of genes specifically escort the elongation and implantation processes.
The 250 genes expressed but not differentially regulated in the trophoblast included characteristic trophoblastic-or placental-specific genes. Among the genes were those for prostaglandin D2 synthase (PGD2S), MMP11, TIMP1, fibroblast growth factor receptor (FGFR1), placental growth factors 1 and 2 (PlGF 1 and PlGF 2), and a few homeobox genes (CDX2, EMX1, PITX2, and SIX1).
Hierarchical Clustering of Differentially Expressed Genes
Clustering analysis was performed to classify the differentially expressed genes according to their pattern of expression. Only the 63 differentially expressed genes were used to avoid dilution effects. Hierarchical clustering based on arrays gave rise to Figure 2 . Three main nodes were observed, each grouping the three replicate experiments at each developmental stage. This tree emphasized the reproducibility and validated the gene selection scheme. Hierarchical clustering based on genes gave rise to Figure 3 . Three nodes were observed of gene groupings that were 1) highly expressed at D12 (29 genes), 2) highly expressed at D14 (22 genes), or 3) highly expressed at D15 (12 genes). Regulated genes were highly expressed only on one of the 3 days.
Families of Differentially Expressed Genes
Each gene was assigned in a functional class according to Online Mendelian Inheritance in Man (OMIM) data [26] . Four major classes were represented: 1) apoptosis, oncogene, and cell cycle genes; 2) protein trafficking genes; 3) cell signaling genes and receptors; and 4) extracellular matrix and cell adhesion genes. All the genes that could not be classified under one of these categories were grouped as other genes.
The best represented family among the differentially expressed genes (24%) grouped apoptosis, oncogene, and cell cycle genes. These genes were equally represented in the three nodes. The family that includes extracellular matrix and cell adhesion genes (8%) was similarly found in all three nodes. The family of cell signaling genes and receptors and the family of protein trafficking genes were equally FIG. 3 . Hierarchical clustering analysis of the 63 differentially expressed genes using the Cluster algorithm by Eisen et al. [22] . Background subtracted values were log-transformed, centered relative to the median, and gene-to-gene normalized. Genes are classified into four families that display a differential representation among the clusters.
FIG. 4.
Comparison of gene expression detected on the macroarray and using PCR methods. Ordinates are expressed as percentages of the maximal value to allow for comparison. TMSB10, CTNNA1, and NPM1 transcripts were assessed using real-time PCR and CX3CL1 was assessed using semiquantitative PCR. All PCR values are normalized to ␤-actin. represented (19% and 17%, respectively). Their distribution pattern among the three nodes was, however, different. Protein trafficking genes showed a high expression at D12 only, whereas cell signaling genes were highly expressed on D14 and D15.
Gene Expression Evaluation Using RT-PCR
To further validate the expression patterns detected by macroarray analysis, expression levels of five genes representing distinct nodes and gene families were assessed with PCR methods.
Four of these genes, TMSB10 (thymosin-␤10), NPM1 (nucleophosmin 1), CTNNA1 (catenin-␣), and CX3CL1 (CX3C chemokine, also known as fractalkine) were chosen because each exhibited a typical expression pattern among developmental stages. IGFBP1 (insulin growth factor binding protein 1) was also included in the analysis because of its trophoblastic location, which was in conflict with previously published results [27] . All the genes tested were amplified from trophoblast (Fig. 4) , thereby confirming the results of the arrays.
CTNNA1 was more expressed as development progressed from D12 to D15. This pattern was found to be significant using data from the arrays and a similar tendency, although not significant, was revealed using PCR (P Ͼ 0.05). TMSB10, NPM1, and CX3CL1 exhibited differential expression (P Ͻ 0.05) among conceptus development, the patterns of which were the same as those evidenced by the arrays. TMSB10 was up-regulated in D15 implanting trophoblasts, whereas it showed similar levels of expression on D12 and D14. On the other hand, a downregulated pattern of expression was shown for NPM1, which was more expressed on D12 in pre-elongated conceptuses than it was on D14 and D15. Both PCR and array methods agreed, indicating a typical transient up-regulation pattern of expression, which peaked on D14 for CX3CL1.
PCR for IGFBP1 demonstrated significant differences between the three stages of development (P ϭ 0.03). IGFBP1 was found to be less expressed on D15 compared with D14 using PCR and arrays. However, the pattern of expression obtained via PCR was slightly different between D12 and D14 from the pattern evidenced with the arrays. In situ hybridization of IGFBP1 (Fig. 5 ) was performed on D14 embryos and uteri. Negative control with sense probes raised no signal. IGFBP1 mRNAs were present in the trophoblastic cells. In the uterus, it was detected only in epithelial luminal cells.
DISCUSSION
Pre-elongated, elongated, and implanting ovine trophoblasts were tested for gene expression using the Human Clontech Atlas array system. This array system is composed of two membranes, each containing 1185 different genes.
Technical issues were examined. Heterologous hybridization could have impaired the results by generating many weakly hybridized spots. However, the intensity distribution pattern of our data was comparable to that of other studies using homologous hybridization and much larger data sets [28, 29] . The synthesis of a specific transcript cDNA in the complex radio-labeled probe also depends on the local homology between the ovine mRNA and the human-specific primer. The hybridization between the ovine probe and the human target spot relies on the degree of homology between the two. Therefore, strict criteria for data analysis were applied to discard weak signals as described in Materials and Methods. From the 2370 genes, only 313 (13% of the total) were expressed above background for at least one of the three developmental stages studied. These 313 genes were thus retained for further analysis according to our data selection scheme. The number of genes analyzed was limited in scope by the specific priming method. This small number of expressed genes is further explained by the composition of the arrays as the Atlas Human Expression Array covers a broad range of biological processes, not necessarily related to reproductive physiology and development or embryology. Staging of the embryos and natural individual variability could have also obscured real differences in gene expression because of excessive variance between replicates. An ANOVA test (P Ͻ 0.05) eliminated poorly reproducible data, and finally, 63 genes could be considered as differentially expressed. When hierarchical clustering was applied and the age of the conceptuses was deliberately ignored, trophoblasts of the same developmental stage were grouped together. The genes specifically expressed at one stage exhibited reproducible intensity levels, hence leading to the conclusion that the age of each trophoblast was correctly uncovered.
The purpose of our study was to identify the major cell functions solicited in a developing embryo. It also allowed the detection of genes that had not been previously described as actors in embryo development. Our results provide an overall view of the important molecular events contributing to elongation and implantation of the trophoblast, and a global transcriptomic signature can be described. Groups of 29, 22, and 12 up-regulated genes were characteristic of pre-elongated, elongated, and implanting trophoblasts, respectively. Regulated genes were detected at only one of the three developmental stages. A small number of genes was induced transiently and sequentially during trophoblast elongation and apposition to the uterus. In the human uterus it was demonstrated that during the window of implantation, a large proportion of genes are repressed, while only a small number of genes are induced compared with that of the late proliferative phase [13] . The same pattern was observed in bovine pregnant caruncular areas compared with the endometrium of the estrus cycle [15] . Appropriate communication and reciprocal regulations between the embryo and maternal compartments are the basis for successful implantation. This dialogue has to be first mediated by soluble factors produced and secreted in a bidirectional fashion. Only when direct contact is established can specific cell-to-cell interactions occur [1, 8, 30] . Cluster analysis revealed common patterns of regulation. The clusters were enriched and depleted of specific functional classes, indicating that temporal expression patterns correlate with functions. The two gene families 1) apoptosis, oncogene, and cell cycle genes; and 2) extracellular matrix and cell adhesion genes (e.g., DAG1, dystroglycan) were highly expressed at the three developmental stages studied. This is consistent with the elongation and proliferation properties of the trophoblast for the first family, and with the evolutionary interfacing role of the extracellular matrix occurring between the embryo and the maternal compartment for the second family. The importance of these genes has been recognized in the mouse. Knocking out dag1 leads to disruption of the embryo-derived basement membrane structure and postimplantation lethality [31] .
We also detected protein trafficking genes in pre-elongated trophoblasts when the embryo has no direct contact with the uterus. Numerous endocytic vesicles and lysosomes have previously been described at this stage in ovine trophoblasts [1, 32, 33] . It has been evidenced that bovine spherical conceptuses display an increased protein synthesis activity compared with that of elongated trophoblasts [34] . The trophoblast is a polarized, highly secretive transporting epithelium, and these characteristics are usually established and dynamically maintained by intracellular trafficking. However, despite these morphological observations, no molecular data had yet reported the involvement of so many protein trafficking genes in the developing trophoblast. In elongated and implanting trophoblasts, when the trophoblast begins to appose and adhere to the luminal epithelium, protein trafficking genes were no longer detected, but cell signaling genes and receptors including BMP4 (bone morphogenetic protein 4) and EPHA1 (ephrin receptor A1), became expressed. BMP4 is a differentiating factor for the visceral endoderm and is expressed in preimplanted and implanting mouse blastocysts [35] . EPHA1 was previously determined in human blastocysts and is believed to be involved in cell migration and adhesion before the invasive phase of implantation [36] . The shift in the expression of genes belonging to the protein trafficking genes and the cell signaling genes and receptors families thus distinguished two major steps that correlate with the physiological state of the embryo and its situation in the uterus. The three genes DAG1, BMP4, and EPHA1 have already been identified in other species as highly relevant to embryo development, in that they display a timing of expression consistent with our results [31, 35, 36] . As such, they might deserve further investigations as potentially shared regulators of implantation among mammals.
Among the 63 transcripts specifically up-regulated at one of the three stages of trophoblastic development, some of them deserve special interest. In the pregnant ewe, IGFBP1 expression was reported to be restricted to the luminal uterine epithelium, excluding fetal regions [27] . No clear data were available regarding the presence of IGFBP1 in the ovine conceptus, but it could not be evidenced in early elongated cow embryos [37] . Even though the expression profile provided by PCR did not strictly parallel that from arrays, our results clearly demonstrated that IGFBP1 transcript was present in the elongated trophoblast of ovine conceptus as it was in the uterine luminal epithelium. It has been previously reported [27] that IGFBP1 transcripts originated from endometrium and progressively declined during elongation and implantation in the sheep. It has been hypothesized that at this time, IFGBP1 may regulate the rapid expansion and the implantation of the blastocyst by controlling the IGFII availability in the uterine lumen [27, 38] . Our results indicated a parallel decrease in the IGFBP1 gene expression in the growing trophoblast. Because both the conceptus and the luminal endometrium are the sites of IGFBP1 and IGFII production [39] , a complex mechanism is likely to control the IGFII-dependant biological function at the uterine-trophoblast interface.
We focused on four genes-TMSB10, CTNNA1, NPM1, and CX3CL1-because their expression had never been reported in the reproductive system of ruminants. The relevance of these genes was emphasized because they exhibited expression levels related to morphological changes occurring during the peri-implantation period. Our results showed an increase of TMSB10 gene expression in both elongated and implanting ovine conceptuses. Recently, TSMB10 was identified among genes involved in porcine conceptus elongation [40] . It could suggest that TMSB10 is one of the genes required for the elongation program that is unique to livestock. TMSB10, like other ␤-thymosins, is an actin-sequestering molecule [41] . ␤-Thymosins were reported to be regulated in numerous cells and tissues under normal and pathological conditions such as inflammation, angiogenesis, apoptosis, and carcinogenesis [42] . Overexpression of TMSB10 results in a stronger ability of cells to spread and adhere [43] . We can hypothesize that TMSB10 takes part in cellular remodeling during the implantation period, and that TMSB10 is also involved in trophoblast adhesion. As for TMSB10, our results demonstrated that increasing expression of CTNNA1 was correlated with elongation and implantation in the ewe. CTNNA1 was identified in preimplantation-stage mice embryos [44] , where it was required for the formation of the trophectoderm at the blastocyst stage [45] . CTNNA1 is a connective molecule that allows the E-cadherin/beta-catenin complex to anchor to the actin cytoskeleton. An increase in cell number and changes in trophoblastic cell polarity to fuse with the luminal endometrium necessarily require active cytoskeletal regulation. Our work supports the notion that these regulations can be mediated via TMSB10 and CTNNA1.
NPM1 is a chaperone molecule that influences the regulation of cell proliferation. Stimulation of cell growth is accompanied by an increase in NPM1 protein level [46] . In the sheep trophoblast, the gene expression of NPM1 is high when cellular multiplication leads toward an elongated conceptus; then, its expression is decreased when elongation is completed. NPM1 protein is regulated by estradiol and may be involved in the induction of estradiol-stimulated growth [47] . The progressive decrease of NPM1 expression in the ovine trophoblast was inversely correlated to IFN synthesis [5] . Because IFN inhibits estradiol activity [48] , it could explain the decrease in NPM1 expression, which is observed on Day 14 of gestation. CX3CL1 displayed an original expression profile compared with the profiles of TMSB10, CTNNA1, and NPM1. While the latter three show a general increase or decrease of expression as development proceeds, CX3CL1 was specifically up-regulated at the elongated stage, and its expression decreased at the implanting stage. CX3CL1 was only recently discovered and is an unusual member of the chemokine family. These small proteins stimulate leukocyte migration and mediate inflammation. In contrast to soluble chemokines, CX3CL1 contains a transmembrane domain, which anchors it to the cell, and an intracellular domain of unknown function [49] . A soluble form of CX3CL1 is generated by proteolytic cleavage of the extracellular module. This structure suggests that CX3CL1 is involved both in cell adhesion and signal transduction. CX3CL1 mediates robust cell adhesion via binding to a CX3C receptor and may provide an alternative to integrin-mediated cell adhesion [49] . It was detected in epithelial cells of the amnion and in the trophoblast from human late pregnancies [50] . Specific up-regulation of CX3CL1 at the time when the first contacts between trophoblast and uterus are established in the ewe is in accordance with both activities of CX3CL1. Further investigations will be needed to clarify the role of this unusual chemokine in the context of implantation.
In summary, our results demonstrate the interest in using human arrays to study ovine transcript expression as long as homologous bovine arrays are not routinely available. Gene expression varies during trophoblast elongation and apposition to the uterus, but only a few important genes seem to be induced transiently and sequentially. The physiological state of the embryo is directly correlated with specific expression of functional classes of genes. Protein trafficking genes are expressed early, when the embryo is free from tissue connection with the uterus, whereas cell signaling genes are expressed a few days later at the beginning of implantation.
